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In this work, a functionalized multi-walled carbon nanotubes modified glassy carbon electrode (GCE/MWCNT-f) was optimized
for the direct determination of imidacloprid (IMC) insecticide in river water. The functionalized material was characterized by
infrared spectroscopy with Fourier transform (FTIR) and the modified electrode by scanning electron microscopy (SEM) and
cyclic voltammetry (CV). Results revealed that the GCE/MWCNT-f effectively increased the response toward IMC reduction by
enhancing the reduction peak current and decreasing the peak potential in comparison with the bare electrode. After optimizing the
electroanalytical conditions, the GCE/MWCNT-f showed a linear voltammetric response at concentration ranging from 2.40 × 10−7
to 3.50 × 10−6 mol L−1, with detection and quantification limits of 4.15 × 10−7 mol L−1 and 1.38 × 10−6 mol L−1, respectively.
The recovery rate of IMC in spiked river water samples varied from 90–95%. Thus, this sensor can be a promising tool for the
analysis and monitoring of IMC in complex environmental matrices.
In the last years, the development of reliable, simple, fast and low
cost analytical procedures for determination of contaminants, such as
crop protection agents, has been increasing.1–3 Pesticides are applied
to soil or sprayed over agricultural crops and then released into the
environment with the accumulation of these compounds in water.
Since some of them are chemically stable and resistant to biological
treatment, they may cause risks of long-term toxicity to environmental
and human health.4,5
Neonicotinoids represent one of the most important classes
of insecticides because they are potent agonists of acetylcholine,
suppressing the acetylcholinesterase transmission by binding to the
postsynaptic nicotinic receptors in the central nervous system of the
insects. The accumulation of acetylcholine results in the paralysis
and death of the insects. Due to their high efficiency, the use of
these insecticides in agriculture and, as a consequence, their presence
in the environment has been increasing.6 Imidacloprid (IMC; [1-
(6-chloro-3-pyridylmethyl)-N-nitroimidazolidin-2-ylideneamine])
(Figure 1), the first member of the neonicotinoid family, has high
water solubility (0.58 g L−1) and stability (more than 30 days),
accounting for approximately 41.5% of the whole neonicotinoid
market.6,7 Thus, monitoring of this compound in watercourses is
required to reduce negative environmental and health impacts, to
help selecting the adequate use of the waters, besides supporting the
selection of the appropriate type of water treatment to be carried out
before water distribution to the population.
Various analytical methods have been proposed for the determina-
tion of IMC, such as high-performance liquid chromatography,8,9 gas
chromatography,1,10 fluorimetry,11 enzyme-linked immunoassay,12
Fourier transform infrared spectroscopy,13 colorimetry14 and electro-
analytical methods.3,15–23 Due to the wide applicability and high effi-
ciency, liquid chromatography techniques have been widely used.8,9
However, these methods require high amounts of organic solvents, ex-
pensive equipment, experienced technicians, time-consuming prepa-
ration and detection procedures and are not suitable for real-time
detection. In contrast, electrochemical methods require low cost in-
struments, simple sample preparation procedure (when necessary),
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adaptability for field analysis or on-line monitoring, and minimum use
of toxic organic solvents. Moreover, electroanalytical techniques are
characterized by presenting low limits of detection, high analyte se-
lectivity and versatility. The modification of the electrode-solution in-
terface also allows to obtain better responses when compared to those
obtained with conventional electrodes, such as electrocatalysis of re-
dox reactions.24,25 Thus, and because IMC exhibits electroactivity, re-
search involving the development of electroanalytical methods for the
determination of this compound in different real samples has shown a
significant growth.3,15–23 Different IMC sensors have been proposed,
such as modified carbon-based electrodes (Table I).3,15,17–19,22,23 At
the nanoscale, carbon is a unique and very versatile element. Carbon
nanotubes (CNTs) have high surface area, allowing amplification of
the analytical signal, and electrocatalytic properties, which are di-
rectly related to the electronic transport in the material.26,27 Electron
transport can occur ballistically in the basal plane, but its velocity
can be increased with the presence of functional groups distributed
in CNTs,28 which can be inserted by treatment in oxidizing medium;
thus, the electronic properties of these nanomaterials, as well as the
mechanical ones, can be considerably enhanced for sensors develop-
ment. In addition, the incorporation of carboxylic groups by oxidative
treatment in medium to strong acids29 for example, provides greater
hydrophilic properties, facilitating their dispersion in water.30
To our knowledge, there are no studies available in the literature on
the use of multi-walled carbon nanotubes (MWCNT) modified glassy
carbon electrode (GCE) for the direct determination of IMC. In this
work, we report an easy method of functionalization of MWCNT in
strong acid medium (MWCNT-f) and its use as hydrophilic surface for
the detection of IMC insecticide. Infrared spectroscopy with Fourier
Transform (FTIR) was used to characterize the functionalized mate-
rial, while cyclic voltammetry (CV) and scanning electron microscopy
(SEM) were applied to characterize the modified electrode. Moreover,
the applicability and accuracy of the developed sensor was assessed
by determining IMC in river water samples.
Materials and Methods
Chemicals and solutions.—Analytical grade reagents, without
further purification, were employed in all experiments. The MWCNT,
Table I. Review of the reported analytical parameters for IMC determination using carbon-based electrodes.
Electrode Method Linear range (μmol L−1) Detection limit (μmol L−1) Reference
PB/MWNT/GCE LSV 0.113–29.4 0.05 15
CPE DPV 6.7–117.4 2.04 16
CuPC/CCE DPV 0.67–17 and 17–93 0.28 17
β-CDP/rGO/GCE CV 1–150 0.1 18
β-CDP/rGO/GCE DPV 0.05–15 and 20–150 0.02 18
MWCNTs/Asp/GCE LSV 0.06–8 and 8–60 0.045 19
BDD SWV 30–200 8.6 21
IL/CCE DPV 0.05–7 0.031 22
AgNDs/GNs/GCE DPV 1–100 0.814 23
GCE CV 10.9–1956 30.1 43
GCE/MWCNT-f CV 0.24–3.5 0.41 This work
PB/MWNT/GCE: Prussian blue and multi-walled carbon nanotubes modified glassy carbon electrode; CPE: carbon paste electrode; CuPC/CCE: Copper(II)
phthalocyanine modified carbon ceramic electrode; β-CDP/rGO/GCE: β-Cyclodextrin polymer and Reduced-graphene oxide modified glassy carbon
electrode; MWCNTs/Asp/GCE: Poly(aspartic acid) and multi-walled carbon nanotubes modified glassy carbon electrode; BDD: boron doped diamond;
IL/CCE: Ionic liquid modified carbon ceramic electrode; AgNDs/GNs/GCE: Ag nanodendrimers and graphene nanosheets modified glassy carbon electrode.
of about 10 nm in diameter, 1.5 μm in length and purity greater than
95% were purchased from DropSens (Spain); IMC of 99.5% purity
was supplied by Chem Service (USA); potassium chloride (99.5%)
by Merck (Germany) and ethyl alcohol and hydrochloric, sulfuric
and nitric acids by Vetec (Brazil). All solutions were prepared with
ultrapure water (resistivity ≥ 18 M cm−1).
Apparatus.—The voltammetric measurements were performed us-
ing an electrochemical system composed of a potentiostat/galvanostat
model μAutolab III (Metrohm Pensalab) controlled by Nova 1.10
software, a conventional electrochemical cell (5 mL) with a three-
electrode system, consisting of a bare or modified glassy carbon
electrode (3 mm diameter) as working electrode, a platinum plate
as counter electrode and Ag(s)/AgCl(s)/Cl−(aq) (saturated KCl) as ref-
erence electrode, and a nitrogen gas bubbler. A Hanna HI 2221 pH
meter equipped with a glass combined electrode was used to adjust
the pH values. The functionalization of the MWCNT was verified by
FTIR using a spectrophotometer model IRAffinity (Shimadzu). Mor-
phological images of GCE modified with MWCNT (GCE/MWCNT)
and with MWCNT-f (GCE/MWCNT-f) were obtained by SEM using a
microscope model FESEM; FEG-Quanta-450 (FEI, The Netherlands).
Functionalization of the MWCNT.—The MWCNT were submit-
ted to an oxidative treatment adapted from the method used by Moraes
et al.31 which consisted of adding 50 mg of MWCNT to 40 mL of a
mixture of concentrated sulfuric and nitric acids 3:1 (v/v), and keep-
ing the system under stirring for 12 h at room temperature to obtain
a homogeneous suspension. After this, the suspension was filtered
through a 0.45 μm cellulose acetate membrane (Millipore), the solid
was washed with ultrapure water until neutral pH and then it was dried
at 65◦C for 12 h.
Preparation and characterization of the modified electrodes.—
Before any surface modification, the GCE was polished with alumina
(0.05 μm), washed with deionized water, immersed in an ultrasonic
bath with ethanol for 10 minutes and rinsed again with deionized water
before use. Then, the nanomaterials were deposited on the surface of
the GCE by drop-coating; the method consisted of adding 18 μL of an
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Figure 1. Chemical structure of imidacloprid.
ethanol suspension containing 1.0 mg/mL of MWCNT or MWCNT-f
to the surface of the GCE and allowing the solvent to evaporate at
ambient temperature. Subsequently, the resulting modified electrodes
were subjected to successive potential cycling in 0.10 mol L−1 KCl
solution, between −1.2 and 1.0 V at a scan rate (ν) of 25 mV s−1,
until a constant voltammetric profile was obtained.
The electrochemical characterization of the modified electrodes
was carried out by comparing the CV profiles of the bare GCE with the
GCE/MWCNT and GCE/MWCNT-f in 0.10 mol L−1 KCl supporting
electrolyte, after deaeration with N2 gas (99.999%) for 15 min; the
cyclic voltammograms were recorded at 25 mV s−1.
Electroanalytical procedure.—The redox behavior of the IMC
(9.8 × 10−5 mol L−1) was firstly evaluated on GCE, GCE/MWCNT
and GCE/MWCNT-f in 0.10 mol L−1 KCl, pH 7.0, by CV at 25 mV
s−1. The best working electrode for electroanalysis of IMC was se-
lected based on the highest sensitivity and on the most reproducible
signal. Then, the effect of the electrolyte pH on the IMC current was
tested (4.0 − 9.0) and the best condition was defined to evaluate the
influence of the scan rate (10 − 200 mV s−1) on the peak intensity and
voltammetric profile. Finally, the analytical curves were performed by
successive additions of 1.2 × 10−4 mol L−1 IMC in supporting elec-
trolyte of 0.1 mol L−1 KCl at pH 7.0. All experiments were carried
out with solutions previously deaerated with high-purity N2 gas for
15 min, and before each cyclic sweep, the medium was stirred with a
stream of N2 gas bubbled in the solution for 3 min.
The detection (LOD) and quantification limits (LOQ) were esti-
mated by the quotient between the standard deviation of the intercepts
and the average of the slopes, obtained from the linear regression
equations of analytical curves.32 Repeatability and reproducibility of
the sensor were evaluated by means of the RSD of the average of
the peak currents, referring to three measurements, obtained with a
IMC standard solution of concentration 1.77 × 10−6 mol L−1; re-
peatability was assessed for successive measurements using a single
GCE/MWCNT-f sensor and reproducibility using three replicates of
this sensor, prepared under the same conditions.
River water sampling.—Water samples were collected from Rio
do Carmo near the areas of melon, bean and corn cultivation in the
state of Rio Grande do Norte, a semi-arid region of Brazil. The water
samples were collected in amber glass flasks, filtered on qualitative
filter paper and kept under refrigeration at 4◦C until electroanalysis
(maximum of 3 days). These samples were used without dilution and
artificially contaminated with the pesticide to evaluate the applicability
of the method.
Application.—To evaluate the applicability and accuracy of the
proposed methodology, IMC recovery assays were performed in
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Figure 2. FTIR spectra of the (A) MWCNT and (B) MWCNT-f powder
samples.
spiked river water samples at 7.16 × 10−7 to 1.19 × 10−6 mol L–1. All
experiments were taken at 25◦C and the results were presented as the
average of at least three measurements.
Results and Discussion
Structural characterization of MWCNT and MWCNT-f powder
samples.—To confirm that the functionalization process occurred, the
infrared spectra (Figure 2) of the MWCNT (a) and MWCNT-f (b)
were recorded in the range 400 to 4000 cm−1. It should be noted that
there are significant differences between the spectra of the MWCNT
samples before and after the acid treatment. Figure 2b shows stretch-
ing vibration characteristic peaks of MWCNT-f at 3130 cm−1 (O-H),
3038 and 2825 cm−1 (C-H), 1689 cm−1, 1538 cm−1 and 1398 cm−1 re-
lated to C=O, −COO−, and –COOH, respectively, and 1105 (C−O).
The hydroxyl, carboxyl and carbonyl functional groups provide a
large number of chemical adsorption sites and thus may increase the
adsorption capacity of MWCNT-f. The peak at 617 cm−1 (C=C)
can be related to the CNT graphene structure with sp2-bond carbon.
In fact, these observations suggested that MWCNT functionalization
was successful.33,34
Morphological characterization of GCE/MWCNT and
GCE/MWCNT-f.—Figure 3 displays the SEM micrographs of
the MWCNT and MWCNT-f modified GCE. The characteris-
tic morphology of the MWCNT was observed before and after
functionalization.35–37 An uneven distribution of MWCNT, with
formation of some agglomerates on the GCE can be observed (Figure
3a), while the SEM image of GCE/MWCNT-f (Figure 3b) shows
a more homogeneous distribution, nanotubes with smaller lengths
and less degree of entanglement, what was attributed to MWCNT
functionalization.29–31 The chemical modification of the MWCNT
structure, through oxidative treatment in strong acids, promoted
the incorporation of carboxyl groups and other related functional
groups on the surface of the nanomaterials, increasing their solubility
and facilitating their dispersion in the solvent. Khani and Moradi38
studied the influence of surface oxidation on the morphological and
crystallographic structure of MWCNT using different oxidants and
found that, after the treatment with acids, a clear change occurred in
the diameter of the MWCNT, which was reduced, and in the rough-
ness of the surface along the walls of the tubes. Therefore, the lower
degree of aggregation in GCE/MWCNT-f was attributed not only to
carboxyl groups, but also to shortened nanotube lengths.29–31,35–37
Electrochemical behavior of IMC.—Before the GCE modifica-
tion (Figure 4 -voltammogram a; amplified result in insert), the elec-
troanalytical peak of IMC (9.8 × 10−5 mol L−1) at −1.12 V was small,
large and unsuitable to detect low concentrations of this analyte. The
noted cathodic process is derived from the nitro-group irreversible
Figure 3. SEM images of (A) GCE/MWCNT and (B) GCE/MWCNT-f.
reduction.3,16,18 However, after MWCNT (curve b) and MWCNT-f
(curve c) immobilization on the GCE surface, a significantly higher
(46.4 times for GCE/MWCNT and 51.6 for GCE/MWCNT-f when
compared with the GCE response) sharper reduction peak at −0.98 V
was observed. Also, the peak potential was less negative (about
140 mV). For both cases, such effects were related with the increase
of roughness and active surface area, but on GCE/MWCNT-f these
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Figure 4. Cyclic voltammograms obtained for 9.8 × 10−5 mol L−1 IMC
on (a) GCE, (b) GCE/MWCNT and (c) GCE/MWCNT-f at 25 mV s−1 in
0.10 mol L−1 KCl as supporting electrolyte (pH = 7.0). Insert: Amplified
cyclic voltammogram for 9.8 × 10−5 mol L−1 IMC on GCE.
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Figure 5. A) Dependence between the reduction peak currents (blue circles)
and the potentials (black squares) of 9.8 × 10−5 mol L−1 IMC and the pH
on GCE/MWCNT-f using cyclic voltammetry at 25 mV s−1. B) Effect of the
scan rate on the IMC peak current at 9.8 × 10−5 mol L−1 on GCE/MWCNT-f
in 0.10 mol L−1 KCl (pH = 7.0): (a) 10 mV s−1, (b) 25 mV s−1, (c) 50 mV
s−1, (d) 100 mV s−1 and (e) 200 mV s−1. Insert: Relationship between peak
current and the square root of scan rate.
phenomena were even more evident possibly due to the contribu-
tions of carboxyl groups distributed on basal and edge planes of the
MWCNT-f and to the improved electrocatalytic activity and charge-
transfer kinetics of the redox events on the working electrode surface.
Similar results can be observed in previous reports.2,31,37 In addition,
functionalization of the carbon nanotubes also increases their solubil-
ity and dispersibility in the solvent, allowing to obtain reproducible
modifications of the working device. Thus, GCE/MWCNT-f was em-
ployed in the subsequent studies.
Effect of pH.—The effect of pH on the electrochemical reduc-
tion of IMC (9.8 × 10−5 mol L−1) on GCE/MWCNT-f was eval-
uated in the range from 3.0 to 9.0. The peak potential (Ep) had
only non significant and non-linear displacements toward more neg-
ative regions, but the peak current (Ip) was strongly affected. The Ip
values increased considerably when the pH ranged from 3.0 to 7.0
(Figure 5A), but decreased at higher pH because the probable hydrol-
ysis of IMC nitroguanidine functional group in alkaline medium.39 In
order to maximize the sensitivity of IMC electroanalysis, pH = 7.0
was selected as optimum.
Effect of scan rate.—Since the scan rate affects the reversibility
and mass transport of the analyte on the electrolyte/electrode interface,
its influence on the IMC peak was assessed in the range of 10 −
200 mV s−1. As can be seen (Figure 5B), the increase of the scan rate
provided displacements of Ep values toward more negative values,
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Figure 6. Linear sweep voltammograms for successive standard additions
of 1.2 × 10−4 mol L−1 mol L−1 IMC in 0.10 mol L−1 KCl at pH 7.0 on
GCE/MWCNT-f at 25 mV s−1. Insert: Corresponding average (n = 3) analyt-
ical curve derived from the referred voltammetric data.
which is a characteristic behavior of irreversible redox processes.40
According to Laviron’s theory,41 the relationship between Ep and v is
described by the following Equation 1:
E p (V ) = Eo + (2.303RT |αnF) log (RT ks |αnF)
+ (2.303RT |αnF) log ν [1]
where α is the charge-transfer coefficient, ks is the heterogeneous
rate constant of the reaction, n is the number of electron transferred,
and the other constants have their usual meanings. The theoretical αn
value, 0.553, was calculated from the slope of Ep vs. log ν. Consid-
ering α = 0.5, a typical value for electron transfer involving organic
compounds,42 it can be concluded that the IMC reduction reaction
on GCE/MWCNT-f involved a transfer of one electron in the rate-
determining step. This result corroborated that reported by Majidi, Baj
and Bamorowat,22 who used an ionic liquid modified carbon-ceramic
electrode for the determination of IMC in agricultural products. A
linear relationship between Ip and v1/2 (inset of Figure 5B; n = 3;
R2 = 0.998) was also observed, which indicated a diffusion controlled
process for the IMC reduction on GCE/MWCNT-f.
Electroanalysis of IMC.—Figure 6 shows the cyclic voltammo-
grams obtained for the reduction of IMC at different concentrations
under optimum experimental conditions. The ip increased linearly
with IMC concentrations (inset in Fig. 6) over the range from 2.40
× 10−7 to 3.50 × 10−6 mol L−1; a linear least squares fit of the data
yielded a linear correlation coefficient of 0.997 and a linear regression
according to Equation 2:
Ip (μA) = 2, 14 × 10−7
(±5, 9506 × 10−8?
− 3, 5089 (±0, 1358) [IMC] (μmol L−1) [2]
The LOD and LOQ values were calculated to be 4.1 × 10−7 mol
L−1 and 1.4 × 10−6 mol L−1, respectively.32 These results compare
favorably with most of those reported in the literature15–19,21–23,43
(Table I), using different electrochemical techniques and in most of
the studies more complex sensors, and confirm the sensitivity of the
simple proposed approach. In Brazil, there is still no legislation that
establishes a maximum limit for residues of this pesticide in river wa-
ters. However, the LOD achieved is below the dosage required to cause
deleterious effects in different insects, crustaceans and humans.44–46
In order to evaluate if the difference between the interception ob-
tained in the analytical curves and the standard values were originated
of random errors, the t-test was performed. The value of t calculated
was 6.229, being lower than the critical value (6.965) at the 99%
confidence level, indicating that there was no significant difference
between the calculated mean value and the expected standard value.
The confidence intervals (CI) described in Eq. 2, for intercept and
slope, were calculated according to Equation 3:
CI = [IMC] ± (tn−1) s√
n
[3]
where [IMC] is the IMC concentration, tn-1 is the calculated t-value
and the other symbols are similar to those used in the t-test.
Repeatability and reproducibility of the voltammetric response
were also estimated from three measurements obtained with 1.77 ×
10−6 mol L−1 IMC standard solution. The calculated RSD values were
1.1% (a single sensor) and 6.8% (three different sensors), respectively,
and meet the evaluation criteria of analysis methods, for the low
concentrations used in this work.47 Thus, the GCE/MWCNT-f sensor
can be used for practical applications, such as the determination of
IMC in complex environmental samples such as river waters.
Application of the procedure in river water samples.—The an-
alytical procedure presented above was applied to fortified sam-
ples of waters collected from the Carmo River that is influenced
by agricultural activities carried out in its surroundings (mainly
melon cultivation). The selected water samples are representative of
complex aquatic environments that have high concentration of dis-
solved organic matter (total organic carbon, TOC = 428 mg L−1 and
chlorophyll = 53 μg L−1).
The attained recovery values ranged from 90–95% demonstrating
the accuracy and the precision of the developed methodology for
quantification of IMC in complex environmental samples, without
any previous extraction step.
Conclusions
This work concerned the development of a simple methodology for
determination of the IMC insecticide in natural waters, using a glassy
carbon electrode modified with functionalized carbon nanotubes. The
presence of MWCNT and MWCNT-f on the surface of the GCE
contributed positively to the electron transfer kinetics, allowing an
increase of the surface area, the intensity of the IMC reduction pro-
cess and the sensitivity of the proposed method. The electroanalytical
method also showed precision between the measurements (RSD of
1.1% and 6.8% for repeatability and reproducibility, respectively) and
allowed the analysis of IMC in real samples (river water). Thus, the
GCE/MWCNT-f sensor can be a promising tool for the analysis and
monitoring of IMC in complex environmental matrices.
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